. It plays a critical role in vasodilatation induced by cGMP-elevating agents such as nitric oxide (NO). The present study was performed to determine the role of MYPT1 in the development of tolerance of the pulmonary artery to NO. Incubation of isolated porcine pulmonary arteries for 24 or 48 h with DETA NONOate (DETA NO) significantly reduced protein levels of MYPT1 and the leucine zipper-positive (LZϩ) isoform of MYPT1 but not that of PP1c␦. The extent of reduction in total MYPT1 protein level was comparable to that of MYPT1 (LZϩ). The decrease in MYPT1 protein caused by 48-h DETA NO incubation was prevented by ODQ, an inhibitor of guanylyl cyclase, and by inhibitors of proteasomes (MG-132 and lactacystin) but was not affected by the inhibitor of protein synthesis, cycloheximide. A reduction in MYPT1 protein was also obtained with 8-bromo-cGMP, but this was prevented by Rp-8-bromo-PET-cGMP [inhibitor of cGMP-dependent protein kinase (PKG)]. Incubation for 48 h with DETA NO also reduced dephosphorylation of myosin light chain and relaxation of the artery in response to DETA NO, which was prevented by MG-132. These results suggest that the reduction in MYPT1 protein contributes to the development of tolerance of pulmonary arteries to NO. This may result from increased degradation of MYPT1 after prolonged PKG activation. myosin light chain phosphatase; guanosine 3=,5=-cyclic monophosphate-dependent protein kinase; vasodilatation NITRIC OXIDE (NO) is the major vasodilator in various vessel types, including pulmonary arteries (12, 19, 40, 41) . It acts mainly by activation of soluble guanylyl cyclase (sGC), followed by cGMP elevation and activation of cGMP-dependent protein kinase (PKG) (8 -10, 17, 27, 40 -42 desensitization (30, 44) . It is well recognized that Ca 2ϩ desensitization mediated by PKG is through activation of myosin light chain phosphatase (MLCP), which leads to reduced phosphorylation of myosin light chain (MLC) and vasodilatation (18, 22, 45, 47) . MLCP is composed of a catalytic subunit (PP1c␦), the myosin phosphatase target subunit 1 (MYPT1), and a subunit with unknown function (M20). MYPT1 may be expressed as isoforms either with or without leucine zipper domain in its COOH terminus [MYPT1 (LZϩ) and MYPT1 (LZϪ), respectively] (15, 16). Studies show that NO may stimulate MLCP activity in a PKG-dependent manner through phosphorylation of MYPT1 at serine 695 and serine 852 and through interaction between PKG and the leucine zipper motif of MYPT1 (LZϩ) (17, 18).
NITRIC OXIDE (NO) is the major vasodilator in various vessel types, including pulmonary arteries (12, 19, 40, 41) . It acts mainly by activation of soluble guanylyl cyclase (sGC), followed by cGMP elevation and activation of cGMP-dependent protein kinase (PKG) (8 -10, 17, 27, 40 -42) . PKG causes vasodilatation by reducing intracellular Ca 2ϩ concentration and decreasing Ca 2ϩ sensitivity of myofilaments, termed Ca 2ϩ desensitization (30, 44) . It is well recognized that Ca 2ϩ desensitization mediated by PKG is through activation of myosin light chain phosphatase (MLCP), which leads to reduced phosphorylation of myosin light chain (MLC) and vasodilatation (18, 22, 45, 47) . MLCP is composed of a catalytic subunit (PP1c␦), the myosin phosphatase target subunit 1 (MYPT1), and a subunit with unknown function (M20). MYPT1 may be expressed as isoforms either with or without leucine zipper domain in its COOH terminus [MYPT1 (LZϩ) and MYPT1 (LZϪ), respectively] (15, 16) . Studies show that NO may stimulate MLCP activity in a PKG-dependent manner through phosphorylation of MYPT1 at serine 695 and serine 852 and through interaction between PKG and the leucine zipper motif of MYPT1 (LZϩ) (17, 18) .
Although NO and its donors are potent vasodilators, their prolonged use often leads to their diminished effectiveness (6, 11, 37, 38, 43, 48) . The underlying mechanisms are not well understood, which may include an increased phosphodiesterase activity (23, 29, 34) , a decreased sGC activity, (37, 48) , and a decreased PKG activity (6, 11, 38, 43) . Emerging evidence indicates that MYPT1 is a key downstream target for Ca 2ϩ desensitization caused by NO via cGMP-PKG signaling pathway (18, 20, 22, 44, 45) . Therefore, the present study tested the hypothesis that a reduced expression of MYPT1 may occur during prolonged NO exposure and contribute to the diminished vasodilatation to NO. Our present study demonstrates that the protein levels of total MYPT1 and its isoform, the leucine zipper-positive isoform of MYPT1 (15) , of porcine pulmonary arteries were reduced and that this was associated with decreased PKG-mediated MLC dephosphorylation and vasodilatation, indicative of the development of NO tolerance. An increased degradation by proteasomes may contribute to the reduced protein level of MYPT1.
MATERIALS AND METHODS

NO tolerance induction.
Fresh porcine lungs were collected from a local slaughterhouse. Fourth-generation pulmonary arteries were dissected and cut into rings in ice-cold modified Krebs-Ringer bicarbonate buffer. Vessel rings were incubated for 24 or 48 h in serum-free Dulbecco's modified Eagle's medium in the presence of solvent or DETA NONOate [DETA NO, a stable NO donor (32)]. To eliminate the possible involvement of endogenous prostanoids and endotheliumderived NO, indomethacin (10 Ϫ5 M) and nitro-L-arginine (10 Ϫ4 M) were included in the medium and present throughout the experiments. After incubation, vessel rings were used for Western blotting, MLCP activity assay, and organ chamber studies (6) .
Western blotting analysis. Tissue lysates were prepared from isolated porcine pulmonary arteries after the above-mentioned treatments. Lysates, each containing 10 g of protein, were subjected to SDS-PAGE and electrotransferred to polyvinylidene difluoride (PVDF). Preliminary studies demonstrated that the protein level loaded for Western blotting analysis is within the linear range of detection. Nonspecific binding of antibody was blocked by washing with Tris-buffered saline (TBS) buffer containing 10% milk for 1 h. The blot was then subjected to two brief washes with TBS plus 0.5% Tween 20, incubated first with the antibody against MYPT1 (LZϩ) (Affinity BioReagents, Golden, CO; 1:40,000 dilution), MYPT1 (BD Biosciences, San Jose, CA; 1:1,000 dilution), or PP1c␦ (Upstate Biotechnology, Lake Placid, NY; 1:1,000 dilution) for 1 h and then with a secondary antibody for 40 min. Blots were developed using the chemiluminescent detection method (Amersham ECL). MYPT1 (LZϩ), MYPT1, or PP1c␦ protein in blots was quantified by densitometry using a Gel Doc 2000 densitometer (Bio-Rad, Hercules, CA) and normalized to scanning signals of actin (Calbiochem, San Diego, CA).
MLC phosphorylation. Isolated porcine pulmonary arteries were incubated in serum-free Dulbecco's modified Eagle's medium in the presence of solvent or DETA NO (10 Ϫ4 M) for 48 h as described above. After incubation, vessel rings were repeatedly rinsed and balanced for 30 min in the organ chambers filled with 10 ml of the modified Krebs-Ringer bicarbonate solution maintained at 37 Ϯ 0.5°C and aerated with 95% O 2-5% CO2 (pH 7.4). First, a control group of vessel rings was taken out of the organ chamber and frozen in liquid nitrogen. Next, U46619 (3 ϫ 10 Ϫ7 M) was added to the organ chamber, and after 10 min, a second group of vessels (U46619 group) was taken out and frozen in liquid nitrogen; DETA NO (10 Ϫ4 M) was then added to the remaining vessels in the organ chamber, and 5 min later, the vessel rings were taken out (DETA NO group) and frozen in liquid nitrogen.
Tissue lysates were prepared from vessel rings treated as described above. The lysates, each containing 20 g of protein, were subjected to SDS-PAGE and electrotransferred to PVDF. Nonspecific binding of antibody was blocked by washing with TBS buffer containing 10% milk for 1 h. The blot was then subjected to two brief washes with TBS plus 0.5% Tween 20, incubated first with antibody against MLC-p (Sigma, St. Louis, MO; 1:1,000 dilution) or MLC20 (Sigma; 1:1,000 dilution) for 1 h and then with the secondary antibody for 40 min. Blots were developed using the chemiluminescent detection method (Amersham ECL). MLC-p or MLC20 protein present in blots was quantified by densitometry using a Gel Doc 2000 densitometer (Bio-Rad) and normalized to scanning signals of actin (Calbiochem).
Vessel tension study. Vessel rings obtained following the various treatments as described earlier were repeatedly rinsed and suspended in organ chambers filled with 10 ml of the modified Krebs-Ringer bicarbonate solution maintained at 37 Ϯ 0.5°C and aerated with 95% O 2-5% CO2 (pH 7.4). At the beginning of the experiment, each vessel ring was stretched to its optimal resting tension, which was achieved by stepwise stretching until the active contraction of the vessel ring to 100 mM KCl reached a plateau. The optimal resting tension of the porcine pulmonary arteries was ϳ1.5 g. After the vessels were brought to their optimal resting tension, 1 h of equilibration was allowed (6) .
Drugs. The following drugs were used (unless otherwise specified, all were obtained from Sigma): 8-bromoadenosine 3=,5=-cyclic mono-
,5=-cyclic monophosphorothioate, Rp isomer (Rp-8-Br-PET-cGMPS; Biolog Life Science Institute, Bremen, Germany), and 9,11-dideoxy-11␣,9␣-epoxymethanoprostaglandin F 2␣ (U46619).
ODQ, U46619, and MG-132 were dissolved in DMSO (final concentration Ͻ0.2%). Preliminary experiments showed that DMSO at the concentration used had no effect on contraction to U46619 and on relaxation induced by the NO donor and the cGMP analog. The other drugs were prepared using distilled water.
Data analyses. Data are means Ϯ SE. Mean values of two groups were compared using one-way ANOVA test, with the Student-New- man-Keuls test used for post hoc testing of multiple comparisons. Statistical significance was accepted when the P value (2 tailed) was Ͻ0.05. In all experiments, n represents the number of animals.
RESULTS
Effects of prolonged treatment with DETA NO on protein levels of MLCP subunits. Protein levels of total MYPT1 and MYPT1 (LZϩ) in porcine pulmonary arteries that were incubated for 24 and 48 h with DETA NO (10 Ϫ4 M) were reduced in a time-dependent (Fig. 1A) and concentration-dependent manner (Fig. 1B) . MYPT1 (LZϩ) and total MYPT1 levels were decreased to a similar degree (Fig. 1, A and B) . The expression of PP1c␦ was not significantly affected (Fig. 1C) . cGMP-PKG pathway dependency of DETA NO-induced reduction in MYPT1 protein. The reduction in MYPT1 protein levels in porcine pulmonary arteries induced by 48-h incubation with DETA NO was prevented when ODQ (3 ϫ 10 Ϫ5 M), a special inhibitor of sGC (13), was coincubated (Fig. 2) . A similar reduction in MYPT1 protein was also observed when the arteries were incubated for 48 h with 8-Br-cGMP [10 Ϫ4 M, a cell-permeable analog of cGMP (31)] but not with 8-Br-cAMP [10 Ϫ4 M, a cell-permeable analog of cAMP (31)] (Fig. 3) . (25), was coincubated. MG-132 or MG-132 plus DETA NO had no effect on the protein level of PP1c␦ (Fig. 4) . The decrease in MYPT1 protein caused by DETA NO (10 Ϫ4 M) was also prevented by lactacystin (10 Ϫ6 M), a structurally different inhibitor of proteasomes (7) (Fig. 5) .
MLC phosphorylation. After 48-h incubation with solvent, the administration of U46619 (3 ϫ 10 Ϫ7 M) caused a significant increase in phosphorylation of MLC in the pulmonary arteries, as indicated by the ratio of phosphorylated MLC over total MLC. The phosphorylation of MLC evoked by U46619 was significantly inhibited by DETA NO (10 Ϫ5 M). In arteries preincubated for 48 h with DETA NO (10 Ϫ4 M), subsequent stimulation with U46619 (3 ϫ 10 Ϫ7 M) caused a similar degree of MLC phosphorylation. However, the inhibitory effect of DETA NO (10 Ϫ5 M) on U46619-induced MLC phosphoryla- tion was blunted (Fig. 6A) . MLC phosphorylation of the arteries in response to U46619 and U46619 plus DETA NO in vessels preincubated with MG-132 (3 ϫ 10 Ϫ6 M) was not significantly different from those preincubated with solvent alone. However, the reduced MLC dephosphorylation in response to DETA NO preincubation was prevented when MG-132 was present in the preincubation medium (Fig. 6B) .
Vessel tension study. Relaxant response measurements in porcine pulmonary arteries were conducted in vessels preconstricted with U46619 (3 ϫ 10 Ϫ7 M) to a similar tension level (range: 3.96 Ϯ 0.51-4.74 Ϯ 0.63 g, n ϭ 4 -6 for each group, P Ͼ 0.05). DETA NO caused a concentration-dependent relaxation of the arteries that was nearly abolished by ODQ (3 ϫ 10 Ϫ5 M) and markedly inhibited by Rp-8-Br-PET-cGMPS (3 ϫ 10 Ϫ5 M) (Fig. 7A) . Preincubation with DETA NO attenuated subsequent relaxation of the arteries to this NO donor (Fig. 7B ) in a concentration-dependent manner. Preincubation with DETA NO (10 Ϫ6 M) also attenuated the subsequent relaxation of the arteries to 8-Br-cGMP. This effect was prevented when DETA NO was coincubated with ODQ (3 ϫ 10 Ϫ5 M). Preincubation with ODQ alone had no significant effect on relaxation induced by 8-Br-cGMP (Fig. 7C) . In pulmonary arteries, preincubation for 48 h with MG-132 (3 ϫ 10 Ϫ6 M) had no significant effect on relaxation induced by DETA NO. The attenuation of relaxant response to DETA NO after 48-h preincubation with this NO donor was prevented when MG-132 was included in the preincubation medium (Fig. 8) .
DISCUSSION
The present study demonstrated that the expression of MYPT1 protein in porcine pulmonary arteries was reduced following prolonged exposure to DETA NO, associated with a reduced relaxation to the NO donor. MYPT1 is the primary target protein for PKG-mediated MLCP activation and Ca 2ϩ desensitization (20, 44, 45, 47) . Our results suggest that a reduced MYPT1 protein level may contribute to the attenuated vasodilatation to NO following prolonged exposure to NO. Previous studies have shown that alternations in sGC (37, 48) and phosphodiesterase (23, 29, 34) and decreased PKG activity (6, 11, 38, 43) may be involved in the development of tolerance to NO. The present study indicates that MYPT1, a downstream target protein of PKG action (44) , is likely to be involved. In contrast to MYPT1, we found that PP1c␦, the catalytic subunit of MLCP, was not significantly affected. It has been reported that the expression of PP1c␦ protein in rat portal veins remains unchanged during postnatal upregulation of MYPT1 (35) .
MYPT1 exists as isoforms with and without a leucine zipper domain in its COOH terminus (15) . The presence of leucine zipper is required for PKG to activate MLCP, which leads to MLC dephosphorylation and vasodilatation (18, 26, 45, 47) . The abundance of MYPT1 (LZϩ) has been shown to be closely correlated to the relaxation mediated by cGMP-elevating agents such as NO (2, 22, 28, 35, 49) . In our study, protein levels of both total MYPT1 and MYPT1 (LZϩ) were reduced to a similar extent. This suggests that MYPT1 (LZϩ) is the predominant isoform of the regulatory subunit of MLCP in Fig. 7 . A: acute responses in porcine pulmonary arteries induced by DETA NO in the presence of solvent, ODQ (3 ϫ 10 Ϫ5 M), and PKG-I (3 ϫ 10 Ϫ5 M). The vessels were preconstricted with U46619 (3 ϫ 10 Ϫ7 M) to similar tension levels. B and C: effects of 48-h incubation with DETA NO on relaxation of porcine pulmonary arteries to DETA NO and 8-Br-cGMP, respectively. After 48-h incubation, the vessels were repeatedly rinsed and preconstricted with U46619 (3 ϫ 10 Ϫ7 M) to similar tension levels before the effect of DETA NO or 8-Br-cGMP was tested. Data are means Ϯ SE; n ϭ 5-6 for each group. *P Ͻ 0.05, significantly different from control. †P Ͻ 0.05, significantly different from vessels treated with PKG-I (A) or from vessels-treated with DETA NO at 10 Ϫ5 M (B). Fig. 8 . Relaxation of porcine pulmonary artery to DETA NO after 48-h incubation with this nitrovasodilator (10 Ϫ4 M) in the presence and absence of MG-132 (3 ϫ 10 Ϫ6 M). After incubation, the vessels were repeatedly rinsed and preconstricted with U46619 (3 ϫ 10 Ϫ7 M) to similar tension levels before the effect of DETA NO was tested. Data are means Ϯ SE; n ϭ 4 -6 for each group. *P Ͻ 0.05, significant difference between vessels treated with DETA NO and those treated with solvent or MG-132. †P Ͻ 0.05, significant difference between vessels treated with DETA NO and those treated with MG-132 plus DETA NO. porcine pulmonary arteries. Studies have shown that heterogeneity exists in the relative abundance of MYPT1 (LZϩ) among different vessel types (5, 20, 35, 36) .
In the present study, relaxation of porcine pulmonary arteries to DETA NO was nearly abolished by ODQ and markedly inhibited by Rp-8-Br-PET-cGMPS. This suggests that relaxation induced by NO is primarily mediated by cGMP-PKG pathway, which is consistent with previous studies related to nitrovasodilators (10, 12, 17, 19, 27, 40, 41) . The reduction of MYPT1 protein expression in pulmonary arteries after 48-h incubation with an NO donor was prevented by ODQ, a specific inhibitor of sGC (13) . Furthermore, MYPT1 protein expression could also be reduced by 48-h incubation with 8-Br-cGMP but not with 8-Br-cAMP, an effect that was sensitive to Rp-8-Br-PET-cGMPS, the PKG inhibitor (1) . Therefore, the reduction in protein level of MYPT1 may result from a continuous activation of PKG due to the sustained elevation of cGMP induced by NO.
The decrease in protein level of MYPT1 after 48-h incubation with DETA NO and 8-Br-cGMP was not due to decreased synthesis, but rather to increased degradation of MYPT1 by proteasomes, since it was not affected by cycloheximide, an inhibitor of protein synthesis (33) , but was prevented by MG-132 and lactacystin, inhibitors of proteasomes (7, 25) . The attenuated relaxation of the arteries to DETA NO after 48-h incubation with this NO donor was also prevented by MG-132, supporting the notion that an increased degradation of MYPT1 by proteasomes may contribute to the development of vascular tolerance toward NO.
NO may promote proteasome-dependent degradation by S-nitrosylation of the substrate (24) or by nitration of the substrate via peroxynitrite (4). These mechanisms, however, do not seem to play a major role in the reduction of MYPT1 expression observed in our study. The suppressed MYPT1 expression caused by prolonged exposure to DETA NO was prevented by the inhibitors of sGC and PKG, indicating the enhanced proteasomal degradation resulted from continuous activation of PKG by cGMP, presumably through sustained phosphorylation of MYPT1 (9, 14, 17, 18) . Proteasomal degradation occurs after a three-step process of ubiquitination of the substrate utilizing ubiquitin-activating enzyme, ubiquitinconjugating enzyme, and ubiquitin ligase. The specificity of substrate recognition is provided by the ubiquitin ligases (14) . A recent study showed that the degradation of MYPT1 is regulated by its interaction with the E3 ubiquitin ligase seven in absentia homolog 2 (SIAH2) (46) . In our study, the concentration of DETA NO needed to suppress MYPT1 expression was lower than that needed to attenuate vasodilatation to subsequent stimulation with DETA NO, indicating that the decrease in MYPT1 expression may not affect vasodilatation until below a threshold level (Figs. 1 and 7) .
MLC phosphorylation plays pivotal roles in smooth muscle contraction. MLC is phosphorylated by the Ca 2ϩ /calmodulinactivated myosin light chain kinase (MLCK) and by noncanonical Ca 2ϩ -independent myosin light chain kinases. Meanwhile, MLC is dephosphorylated by MLCP, which is regulated not only by MYPT1 but also by protein kinase C-potentiated inhibitor protein 17-kDa (CPI-17) and telokin (16, 39, 44) . Since MLC dephosphorylation caused by PKG-dependent activation of MLCP is mainly mediated by MYPT1, a reduced expression of MYPT1 would be expected to lead to reduced dephosphorylation of MLC (18) . Indeed, the decrease in the protein level of MYPT1 observed in our study after prolonged exposure to the NO donor was associated with a diminished MLC dephosphorylation in response to acute NO stimulus. This effect was prevented by MG-132, suggesting that an augmented proteasome degradation of MYPT1 is involved in the reduced MLC dephosphorylation. A similar phenomenon has also been observed in porcine coronary artery (5) .
Downregulation of MYPT1 would be expected to lead a decreased MLCP activity and enhanced MLC phosphorylation in response to vasoconstrictors such as U46619. In our present study, this was not the case (Fig. 6) . MLCP activity is inhibited not only by MYPT1 but also by CPI-17. In vascular smooth muscle cells, CPI-17 may play a more pronounced role than MYPT1 in inhibiting MLCP activity (15, 16) . Therefore, it is possible that a partial reduction in MYPT1 expression occurred in our study may not be sufficient to affect MLC phosphorylation evoked by U46619 at submaximal stimulation (3 ϫ 10 Ϫ7 M). Changes in expression of MYPT1 and MYPT1 (LZϩ) have been implicated in a number of pathophysiological conditions associated with altered vasodilatation to NO and other nitrovasodilators (2, 3, 21, 28, 36) . In a rat model of congestive heart failure, decreased expression of MYPT1 (LZϩ) was associated with diminished relaxation of aortas to cGMP (21) . Interestingly, in this model, the attenuation of vasodilatation to cGMP was prevented when the reduction in MYPT1 (LZϩ) levels was prevented (3). Our present study shows that the blunted vasodilatation responses to NO and cGMP were prevented by inhibition of proteasome-mediated degradation of MYPT1. This information may be of some therapeutic value if we can ameliorate the development of vascular tolerance to NO and nitrovasodilators by preserving the expression of MYPT1 and MYPT1 (LZϩ) by preventing proteasomal degradation.
